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I. INTRODUCTION
Although the electrode polarization of mobile ions for a dilute electrolytic solution with the concentration below 1 parts per 10 6 (ppm) does not attract much researchers' attention in the field of general electrochemistry, a technique for analyzing the electrode polarization has been developed actively to characterize ionic impurities in dielectric materials because the polarization can be measured by some electrical methods with high sensitivity. [1] [2] [3] [4] [5] [6] The electrode polarization of mobile ions is sometimes called space-charge polarization, and its influence on the complex dielectric constant appears in a low frequency region below kilohertz order. The space-charge polarization has been studied both theoretically and experimentally by many researchers. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] When the mobile ions are polarized at the electrode, counter charges are placed at the electrode to neutralize the ions and thus an electric double layer is formed. The theory of the electric double layer was well established in the past, and experimental results for electrochemical cells with comparably high electrolyte concentrations can be interpreted by the theory. 20 The theoretical analysis of the space-charge polarization is generally carried out by solving the Poisson-Nernst-Planck (PNP) equation with the condition that the transport of mobile ions under the influence of an applied electric field is blocked at electrodes. The characteristic of a diffuse double layer, that plays an essential role in the function of the electric double layer, is analyzed by solving the PoissonBoltzmann (PB) equation. In the case that the distance between the electrodes is much larger than the Debye length and there is no charge on the electrode, i.e., the potential of zero charge, the capacitance of the space-charge polarization obtained by solving the PNP equation is equal to that of the diffuse double layer calculated by the PB equation.
Moreover, the frequency-dependent curve of the complex dielectric constant due to the space-charge polarization conforms to that calculated by using an equivalent circuit consisting of the diffuse double layer capacitance and a series resistance determined by the conductivity of the bulk electrolyte layer. In accordance with these results the characteristics of the electrode polarization of mobile ions have been discussed from the two view points: the space-charge polarization and diffuse double layer. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] However, the frequency-dependent behaviors of the complex dielectric constant observed for dilute electrolytic cells are not necessarily interpreted by using the traditional analytical models.
One of the causes of this problem may be originated in the incorrect application of the theory to the experimental system. The internal fields of dilute electrolytic cells calculated by the traditional methods are different from the actual fields in experiments because the presence of the additional charges on the electrodes supplied from an external voltage source so as to neutralize the ions is neglected in determining the internal field. 31, 32 It has been shown that the effect of the external charges to the internal field can be taken into account by incorporating the contribution of the spacecharge polarization into the dielectric constant in Poisson's equation and the dielectric dispersion characteristic to the dilute electrolytic cell is analyzed correctly. 33, 34 In the earlier work considering the effect of the external charges, it was assumed that there was no potential difference between the electrode and bulk electrolyte solution before applying an external voltage. Depending on the initial positions of the Fermi levels of the electrolyte and electrode, a small amount of charge flows in one direction or the other and a field is created on the electrolyte side of the contact, and thus a static diffuse double layer is formed. Moreover, if a specific adsorption of electrolyte occurs on the electrode and the adsorption rate is different between positive and negative ions, excess charges on the electrode vary the electrode potential. It is, therefore, essential for analyzing the experimental result correctly to consider the influence of the static diffuse double layer on the space-charge polarization quantitatively.
In the present work, we assume that the formation of the static diffuse double layer is not due to the external dc voltage application but attributed to two factors: (1) the contact potential difference induced by the different Fermi levels between the electrolyte and electrodes, (2) the excess charges on the electrode caused by the different specific adsorption rates between the positive and negative ions. The number density of the positive ions in the bulk solution is equal to that of the negative ions for the factor 1, while the number density is different between the positive and negative ions for the factor 2. First we consider the factor 1 and simulate the influence of the magnitude of the contact potential difference on the frequency dependence of the complex dielectric constant due to the space-charge polarization. Second, we show an experimental result on the space-charge polarization in the presence of the specific adsorption of ions on the electrodes. Finally, it is shown that the experimental result can be well explained by the theoretical model considering the factor 2. The presence of compact (Helmholtz) layer between the electrode and diffuse double layer is neglected in the present work.
II. MODELING OF A DILUTE ELECTROLYTIC CELL

A. Diffuse double layer
The concept of the diffuse double layer was first presented by Gouy and verified theoretically by Chapman with detailed mathematical treatments. 35, 36 Although the diffuse double layer model itself could not explain the actual interfacial phenomena of the electrode-electrolyte system, it was a key concept for establishing the modern theory of electric double layer, and the concept is still available for improving the theory.
First, let us consider a system of single electrode with an ideally polarizable surface contacting with semi-infinite bulk solution. The potential distribution in the diffuse double layer is obtained by solving the PB equation
where U is the potential at the point with distance x from the electrode, e 0 is the dielectric constant in vacuum, e r is the relative dielectric constant of solvent, q is the elementary charge, n i is the number density of ion(i), k is the Boltzmann constant, and T is the absolute temperature. For a symmetrical electrolyte (z þ ¼ Àz À ¼ 1) and the same number density
By integrating Eq. (2) again, we obtain
where U 0 is the electrode potential with respect to the thermal equilibrium point in bulk solution. The reciprocal value of j represents the Debye length L D . Second, we consider an electrolytic cell with parallelplate blocking electrodes where the distance between the electrodes is d and assume that the two electrodes are made of the same material. If the generation of U 0 is not due to an external voltage application but attributed to a contact potential difference induced by the different Fermi levels between the electrode and electrolyte, the potential distribution should be symmetrical as shown in Fig. 1 because of the same value of U 0 at both side electrodes. Accordingly, the potential difference between the two electrodes is zero. Provided that the distance between the electrodes, d, is much larger than the Debye length, L D , the potential distribution between the electrodes may be expressed as
and
The number densities of positive ions, p, and negative ions, n, are written as
n ¼ n 0 expðqU=kTÞ;
respectively, where p 0 and n 0 represent the number densities of the positive and negative ions, respectively, at a thermally equilibrium condition in the absence of electric field. B. Calculation process of space-charge polarization in the presence of diffuse double layers
The theoretical analysis of the space-charge polarization by solving the PNP equation was initiated by Jaff e, 7, 8 and further analytical treatments have been made by many researchers. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Since the linearization of the PNP equation for ac analysis is an essential part in theory of Jaff e, 7, 8 we shall first review the principle of the linearization. Let us consider a parallel-plate cell filled with a uniunivalent electrolyte solution, the distance between electrodes of which is d. Assume that the electrolyte is completely dissociated and that there is no potential difference between the electrode and the solution in the absence of an external voltage application. We restrict our consideration to a one-dimensional case with the transport of mobile ions in the x direction under an external voltage application.
The internal electric field E(x, t) is governed by Poisson's equation @Eðx; tÞ=@x ¼ q½pðx; tÞ À nðx; tÞ=½e 0 e r ðtÞ; (10) assuming that the number density of positive ions is p(x, t) and that of negative ions is n(x, t) in space and time. In Eq. (10), e r (t) is the relative dielectric constant of the dielectric material depending on time, which includes the contribution of the space-charge polarization and plays an important role for internal field formation. Let D p and D n be the diffusion coefficients of positive and negative ions, respectively; similarly, let l p and l n be the mobilities. The current densities for positive and negative ions, J p (x,t) and J n (x,t), reduce to J p ðx; tÞ ¼ ql p pðx; tÞEðx; tÞ À qD p @pðx; tÞ @x ;
J n ðx; tÞ ¼ ql n nðx; tÞEðx; tÞ þ qD n @nðx; tÞ @x :
Assuming that both electrodes block both types of ions completely, the pertinent boundary conditions are l p pðx; tÞEðx; tÞ À D p @pðx; tÞ=@x ¼ 0; (13) l n nðx; tÞEðx; tÞ þ D n @nðx; tÞ=@x ¼ 0;
at x ¼ 0 and 
By substituting Eqs. (11) and (12) 
Eqs. (10), (17) , and (18) are not linear. Therefore, the equations can be treated only by successful approximations. Jaff e assumed that the voltage V(t) was a periodic function which could be represented in the form 8 VðtÞ ¼ X 1
m¼0
V m expðimxtÞ; (19) and E(x,t), p(x,t), and n(x,t) were all expressed by similar form. Furthermore, since the main interest was a simple ac response, all terms involving m higher than one were disregarded. These reduce to
pðx; tÞ ¼ p 0 ðxÞ þ p 1 ðxÞexpðixtÞ;
nðx; tÞ ¼ n 0 ðxÞ þ n 1 ðxÞexpðixtÞ:
By substituting Eqs. (20)- (22) into Eqs. (10), (17) , and (18), respectively, we obtain
when one would solve Eqs. (23)- (25) for E 1 (x), p 1 (x), and n 1 (x), the knowledge of E 0 (x), p 0 (x), and n 0 (x), i.e., the solution for dc case, is required. Since the exact calculation became prohibitively complicated, Jaff e assumed a simple zero approximation that E 0 (x) ¼ 0 and p 0 (x) ¼ n 0 (x) ¼ constant under no dc bias voltage. 8 The zero approximation has been used by many researchers after that for the analysis of ac response of the space-charge polarization. [9] [10] [11] [12] [14] [15] [16] It should be reconfirmed here that the zero approximation is valid for only the case that V 1 is so small that the inhomogeneites of ionic distributions represented by p 1 (x) and n 1 (x) can be disregarded in terms of the linear response. Even though the zero approximation is used for the calculation, in fact it is still difficult to obtain the analytical solution of Eqs. (23)- (25) because the relative dielectric constant e r (t) involved in Eq. (23) is a time dependent parameter.
To cope with this problem, a numerical calculation method has been developed and the ac responses of the space-charge polarization for dilute electrolytic cells have been analyzed using a model with the zero approximation. 34 In the present model, we assume that static diffuse double layers are formed at the surfaces of the parallel-plate electrodes as shown in Fig. 1 before applying the external voltage. The electric field forming the diffuse double layers, E d (x), is determined by calculating E d (x) ¼ DU/Dx numerically using Eqs. (6) and (7). The number densities of positive and negative ions at the diffuse double layer, p d (x) and n d (x), are obtained by Eqs. (8) and (9), respectively. Here, we assume that the external voltage V a is sufficiently small and the linearity for the electric field and ionic distribution is maintained. This reduces to Eðx; tÞ ¼ E d ðxÞ þ E a ðx; tÞ; (26) pðx; tÞ ¼ p d ðxÞ þ p a ðx; tÞ ; (27) nðx; tÞ ¼ n d ðxÞ þ n a ðx; tÞ ;
where E a (x,t), p a (x,t), and n a (x,t) are the electric field, number density of positive ions, and number density of negative ions, respectively, perturbed by applying the external voltage.
Poisson's equation becomes
½p d ðxÞ À n d ðxÞ þ q e 0 e r ðtÞ ½p a ðx; tÞ À n a ðx; tÞ:
The first term of the right hand side in Eq. (29) represents the gradient of the electric field in the diffuse double layer. For the static diffuse double layer, the quantity of counter charges at the electrode surface, Q d , is expressed as Q d ¼ e 0 e r E d (0) and equal to the quantity of excess (positive or negative) ions at the solution side; therefore, the dielectric constant e r consists of the contributions from dipole, atomic and electronic polarizations of solvent material. The second term represents the gradient of the electric field induced by applying the external voltage. Under the influence of the applied voltage, the positive and negative ions in the bulk solution drift to the electrodes and polarized at the electrodes. For the electrode polarization, the external voltage source supplies counter charges to the electrodes so as to neutralize the ions. As a result, the total charges at the electrode, Q a , become the sum of the free charges that creates the internal field and the bound charges that neutralize the ions and compensate the dipole, atomic and electronic polarizations of solvent material. In accordance with the dielectric effect of the space-charge polarization, the dielectric constant in Poisson's equation has to include the contribution of the space-charge polarization in addition to the other polarizations. Since the contribution of the spacecharge polarization to the dielectric constant increases with accumulating the ions on the electrode, the dielectric constant in Poisson's equation becomes a time dependent parameter e r (t) and Q a is expressed as Q a (t) ¼ e 0 e r (t)E a (0, t). [32] [33] [34] According to the calculation by Jaff e 8 for a semiconductor material in which negative mobile charges are contained at the number density about 10 21 m
À3
, the ratio of the number density of negative charges at anode to the undisturbed value was about 1.5 for a potential difference of dc 0.01 V, whereas the same ratio for the electric field became of the order of 100. Besides, Friauf mentioned that the linearization for the PNP equation by using Eqs. (20)- (22) was justified when qV 1 ( kT.
11 However, their discussions were made not considering the effect of the external charges that neutralize the ions at the electrodes. It has been shown that the rapid increase in the electric field at the electrode pointed out by Jaff e does not appear but just moderate changes are observed for over the field between the electrodes if the external charge effect is taken into account. 31, 32 Moreover, several experimental results have been reported that the linearity in the capacitance measurement was confirmed for much higher applied voltages than the prediction of qV 1 ( kT. 2, 38, 39 As pointed out by Beaumont and Jacobs, 40 these results may indicate that the linearization condition not considering the external charge effect becomes unnecessarily strict in terms of the applied voltage. Actually, as shown theoretically and experimentally in Secs. III A and IV A, respectively, the linearization can be achieved for the present system in the range of the applied voltage below 0.1 V although V 1 is about 0.025 V from qV 1 ¼ kT at 293 K.
On the other hand, the static electric fields of the diffuse double layers represented by the first term in Eq. (29) appear at the areas just close to the electrodes and the intensity becomes very large at the electrodes. The electric field at the electrode calculated by using Eqs. (3)- (5) and DU/Dx with U 0 ¼ 0.1 V and c ¼ 1.2 Â 10 20 m À3 becomes 9.8 Â 10 5 V/m. On the other hand, the field strength at the electrode by the space-charge polarization for the same ionic concentration can be calculated by using a method developed by the earlier work 31, 32 and results in a much smaller value 6.2 Â 10 2 V/m for V 1 ¼ 0.007 V owing to the field compensation effect. Even for V 1 ¼ 0.1 V the field strength at the electrode becomes 8.8 Â 10 3 V/m, which is still much smaller than 9.8 Â 10 5 V/m. This simulated result indicates that even though the electric field induced by the space-charge polarization is superposed on the field of the diffuse double layer, the change in the electric field is too small to vary the ionic distribution in the diffuse double layer significantly. Therefore, the linearization by using Eqs. (26)- (28) is justified for the present system.
By integrating the second term of right hand side in Eq. (29), we obtain E a ðx; tÞ ¼ E a ð0Þ þ q e o e r ðtÞ ½f p ðx; tÞ À f n ðx; tÞ;
where
The electric field E(0) at x ¼ 0 is written as
The current densities J p (x,t) and J n (x,t) are represented as Eqs. (11) and (12), respectively. The continuity equations are written as Eqs. (15) and (16) . Under the boundary condition expressed by Eqs. (13) and (14), the total current density J tot (t) is given as the sum of J p (t) and J n (t) J tot ðtÞ ¼ J p ðtÞ þ J n ðtÞ;
When the external voltage applied to the electrodes is V a ¼ V 1 sin xt (x: angular frequency), the relative dielectric constant e I 0 and the relative dielectric loss factor e I 00 are written as
The time-dependent dielectric constant e r (t) in Eqs. (29), (30) , and (34) is transformed to the expression as
where e s is the dielectric constant of the matrix material consisting of the contributions of electronic, atomic, and dipole polarizations. We assume that e s takes a constant value in the frequency range discussed here and the dielectric loss factor brought about by the electronic, atomic, and dipole polarizations is negligibly small. 34 
III. SIMULATION OF FREQUENCY DEPENDENCE OF COMPLEX DIELECTRIC CONSTANT DUE TO SPECE-CHARGE POLARIZATION
A. Linearity of ac response for the system in the absence of diffuse double layer
Before calculating the frequency dependence of the complex dielectric constant due to the space-charge polarization in the presence of diffuse double layers, we shall first clarify the range of applied ac signal amplitude for which a linear response can be obtained. Here, we consider that the parallel-plate electrodes of the dilute electrolytic cell are in the condition of the potential of zero charge. The numerical calculation method for the PNP equation used in the earlier work 34 can be applied to not only small ac signal but also large ac signal for which the linearity is not maintained. 13 In the present work, the complex dielectric constant is calculated in the same way as the earlier work by dividing the cell into N slabs. The condition of the calculation is as the same as that given in 32 for a dilute electrolytic cell in which tetrabutylammonium tetraphenylborate (TBATPB) is solved in chlorobenzene at the concentration of 500 parts per 10 9 (ppb). TBATPB is dissociated to TBAþand TPBÀ ions in the chlorobenzene solution. It is, in general, known that neither of TBAþ and TPBÀ form a structure solvated with any organic solvent molecules and the Stokes radius of TBAþ is nearly the same as that of TPBÀ regardless of solvents used. [41] [42] [43] Accordingly, the analysis of the space-charge polarization is carried out assuming that the diffusion coefficient and mobility of TBAþ are equal to those of TPBÀ, respectively.
The complex dielectric constant measured in a low frequency region, where the contribution of the space-charge polarization appears, involves other contributions from dipole, atomic and electronic polarizations. The static dielectric constant of chlorobenzene comprised of the contributions from the dipole, atomic and electronic polarizations has been reported to be 5.612 at 298 K. 44 As shown in Fig. 2 of Ref. 32 , the dielectric constant shows a constant value in the frequency range between 1000 Hz and 10 000 Hz regardless of the concentrations of TBATPB. This result indicates that the contribution of the space-charge polarization by TBAþ and TPBÀ on the dielectric constant becomes dominant in the frequency range below 1000 Hz. We set the static dielectric constant 5.7 for the present system that was measured at 10 000 Hz and at the temperature of 293 K and the value of the static dielectric constant is added to the calculated value of the dielectric constant due to the space-charge polarization. The contributions of dipole, atomic and electronic polarizations on the dielectric loss factor are neglected for the present calculation because the contribution is not visible in Fig. 3 of Ref. 32 .
The calculated results of the complex dielectric constant for V 1 ¼ 0.007 V, 0.1 V, 0.3 V, and 1 V are shown in Fig. 2 . It has been demonstrated in Fig. 2 of Ref. 34 that the frequency-dependent curves of e I 0 and e I 00 for V 1 ¼ 0.007 V agree with those obtained by the analytical solution of the linearized PNP equation. In Fig. 2(a) , the saturated values of e I 0 at low frequencies for V 1 ¼ 0.1 V are slightly lower than those for V 1 ¼ 0.007 V, and in Fig. 2(b) , the peak value of e I 00 for V 1 ¼ 0.1 V is slightly lower than those for V 1 ¼ 0.007 V. The difference of the saturated value of e I 0 between V 1 ¼ 0.3 V and V 1 ¼ 0.007 V becomes large and the difference of the peak value of e I 00 also becomes large between them. In comparison between V 1 ¼ 1 V and V 1 ¼ 0.007 V, the differences in e I 0 and e I 00 become larger. It is also found in Fig. 2(b) that the relaxation frequency at which e I 00 takes a maximum value shifts to higher frequency side with increasing V 1 in the range over 0.1 V. These results suggest that the linear approximation for the present system can be achieved in the range of the applied voltage below 0.1 V.
In the analysis of the space-charge polarization, the determination of the internal field is an essential subject for establishing a practical model that can interpret experimental results correctly. The internal field of an electrolytic cell has to be determined by solving Poisson's equation. Here, an important subject is to consider the presence of external charges supplied from an external voltage source to the electrodes for solving Poisson's equation. The voltage source in the measurement system supplies counter charges to the electrodes so that the potential difference between the parallel-plate electrodes is kept a constant value, when mobile ions in the cell drift under the influence of the external field and generate polarization at the electrodes. This implies that the spacecharge polarization condenses charges at the electrodes as well as dipole, atomic, or electronic polarization. The effect of the external charges induced by the space-charge polarization for determining the internal field can be taken into account quantitatively by including the contribution of the space-charge polarization to the dielectric constant in Poisson's equation.
It has been demonstrated in Fig. 3(a) of Ref. 34 that the dielectric constant and dielectric loss factor due to the spacecharge polarization without considering the external charges exhibits totally different frequency-dependent curves from those with considering the external charges. On the other hand, as shown in Fig. 8 of Ref. 33 , the frequency-dependent curves of the dielectric constant and dielectric loss factor obtained by assuming a homogeneous internal field appear at very near positions in a low frequency range to those obtained by satisfying Poisson's equation with considering the external charges. These results indicate that the spacecharge effect by ions for the electric field formation in the dilute electrolytic cell is largely relaxed by the presence of the counter charges at the electrodes and the actual field approaches to the homogeneous field.
As the magnitude of the ac voltage applied to the cell, for which a linear approximation is valid, depends on the cell condition, many practical models have been proposed and discussed in terms of their utilities for analyzing the experimental results of the space-charge polarization. Here, we shall compare the present model with some models reported in the past and elucidate distinctions.
Stern and Weaver have simulated the dielectric dispersion due to the space-charge polarization under a high voltage application for which a linear approximation is not valid. 13 According to their result, the effective complex dielectric constant depends on only two parameters, A ¼ cqd represents that the contribution of the space-charge polarization is not included in e r . Then, the calculations lead to A > 1943 when V 0 < 0.1 V. In the model of Stern and Weaver, the maximum value of tand increases with increasing A in the region of A < 100 and saturates to a value about 2.5 in the region of A > 1000. As a linear approximation should be valid in such a range that A > 1000, the value of A ¼ 1943 might be justified with the model of Stern and Weaver. On the other hand, if the contribution of external charges on the electrodes is considered for determining internal field, we obtain A ¼ 2.13 with e r ¼ |e r *(x)| ¼ 5209 calculated by using Eq. (40) at x ¼ 2pf ¼ 0.628 Hz. Thus, the value of A in the present model, where the linear approximation is invalid, is much smaller than that calculated by Stern and Weaver.
The contribution of the space-charge polarization to the dielectric constant in Poisson's equation may be neglected, if the magnitude is sufficiently smaller than that of the sum of dipole, atomic and electronic polarizations of the matrix material. Iwamoto has analyzed the dielectric dispersion of insulating films with long range movements of mobile charges employing an ion hopping model. 17 It has been shown that the frequency-dependent behaviors of the complex dielectric constant due to the space-charge polarization change depending on the magnitude of the internal field attributed to the presence of excess charges (positive ions) in the film against the magnitude of external field. It is assumed in the present model that the number of positive ion is equal to that of negative ion in the cell and they are uniformly distributed before applying an external field and thus the internal potential is equal to that of the electrodes at the potential of zero charge. Hence, the present model is different from the model by Iwamoto in terms of the initial condition of the internal field.
If a small ac voltage is applied to the dilute electrolytic cell in the present model, mobile ions displace from their initial positions and thus the internal field becomes inhomogeneous. Then the correct internal electric field has to be determined by solving Poisson's equation. Uemura has analyzed the space-charge polarization of a polymer material containing impurity ions. 14, 45 In his analytical treatment the internal field is assumed to be homogeneous even in the presence of an external field. He has assumed the linearity under a small ac voltage application without dc bias voltage and found that the dielectric constant increases exhibiting f À1.5 dependence in a low frequency region. Although the internal field is determined by solving Poisson's equations in the model of Iwamoto, the f À1.5 dependence of the dielectric constant appears similarly if the intensity of the internal potential is small enough compared to the applied voltage. 17 The f À1.5 dependence of the dielectric constant reported by Uemura and Iwamoto is observed in the condition that the transport of mobile ions under the influence of the external field is completely blocked at the electrodes. Friauf has shown that the f À1.5 dependence of the dielectric constant appears when negative ions blocked but positive ions free at the electrodes, while the f À2 dependence appears if the both ions blocked. 11 On the other hand, Macdonald has shown that the f À2 dependence of the dielectric constant appears in a low frequency region and the negative slope changes from À2 to À1.5 at considerably high frequencies. 25, 46 The analytical result obtained by Macdonald may be interpreted as that the internal field becomes approximately homogeneous due to the small displacement of ions at such high frequencies and the f À1.5 dependence appears.
In the classical model of the space-charge polarization by Friauf or Macdonald, the analytical solution of the PNP equation has been obtained without considering the effect of external charges; hence, the solution may lead to a quite inhomogeneous internal field and result in the f À2 dependence of the dielectric constant. On the other hand, in the present model, the effect of the external charges is considered quantitatively by adding the contribution of the space-charge polarization to the dielectric constant in Poisson's equation. Thus, such an inhomogeneous field is not formed in the cell and the frequency dependence, the slope of which is not À2 but close to À1.5, is observed for the dielectric constant even in the low frequency region where the space-charge polarization gives a dominant contribution. 33, 34 In the present work, the presence of the Helmholtz layers at the electrodes is neglected. For the conditions of high ion density and/or large distance between electrodes, the frequency dependence of the complex dielectric constant due to the space-charge polarization can be influenced by the Helmholtz layers. We are now investigating the influence quantitatively and the result will be reported in the near future.
B. Frequency dependence of the complex dielectric constant in the presence of diffuse double layer
For obtaining the frequency dependence of the complex dielectric constant in the presence of diffuse double layer, the difference in the calculation from that performed in Sec. III A is that the electric field expressed as E d (x,0) ¼ DU/ Dx and the distributions of the positive and negative ions calculated using Eqs. (8) and (9) are given as an initial condition. After setting the initial condition, the calculation of the electric field and number densities of positive and negative ions with a time interval Dt is repeated for a period of ac one cycle and thus the dielectric constant e I 0 and dielectric loss factor e I 00 are determined by using Eqs. (38) and (39), respectively. It takes several cycles to get stationary values of e I 0 and e I 00 in the calculation, and the necessary cycles increase with increasing the frequency. Therefore, we set a wait cycle number K depending on the frequency in order to read-out the stationary values. With respect to the number of slabs, the number N has to be large for the case of U 0 6 ¼ 0 compared to the case of U 0 ¼ 0 because the diffuse double layer is formed within a short distance from the electrode. The condition of the calculation determined from these view points is summarized in Table I . Similar to Sec. III A, the ionic constants are chosen to be The calculated results of the complex dielectric constant for U 0 ¼ 0 V, 0.05 V, 0.1 V, and 0.15 V are shown in Fig. 3 . In Fig. 3(a) , the value of e I 0 saturated at low frequencies increases with increasing U 0 . It is also found in Fig. 3(b) that the relaxation frequency f 0 shifts to lower frequency side with increasing U 0 . Figure 4 shows the calculated results for the case of one order of magnitude lower ion density, c ¼ 1.2 Â 10 19 m
À3
. Similar changes in the frequencydependent curves of the e I 0 and e I 00 are observed in Figs. 4(a) and 4(b), respectively, but the magnitudes of the increase in the saturated e I 0 at low frequencies and the low-frequency sift of f 0 are bigger than those in Fig. 3 . The results obtained in Figs. 3 and 4 indicate that the frequency-dependent curves of the e I 0 and e I 00 are influenced by the pre-formation of diffuse double layers inside of the cell so that the value of e I 0 saturated at low frequencies increases and the relaxation frequency shift to lower frequency side and the influence becomes more significant for electrolytic cells as the concentration of mobile ions decrease.
In the earlier work, the frequency dependence of the complex dielectric constant was measured for dilute electrolytic cells in which TBATPB was added to chlorobenzene at different concentrations as 50 parts per 10 9 (ppb), 100 ppb, 200 ppb, and 500 ppb. 32 In the frequency-dependent curves of the e r 0 and e r 00 , no significant shift of the relaxation frequency on the space-charge polarization was observed between 50 ppb and 500 ppb cells. The simulation results given in Figs. 3 and 4 suggest that the values of U 0 for the TBATPB dissolved cells were negligibly small and no significant pre-formation of the diffuse double layers existed in the cells.
IV. FREQUENCY DEPENDENCE OF THE COMPLEX DIELECTRIC CONSTANT IN THE PRESENCE OF SPECIFIC ADSORPTION OF IONS ON ELECTRODES
A. Experimental
In the earlier work, 32 the measurement of the complex dielectric constant for the dilute electrolytic cells was started within 10 min after injecting the solution into the cell. (It took around 5 min to get a stable temperature in an oven of 20 C after putting the cells.) The author recognized at the experiment that the frequency-dependent curve of the complex dielectric constant changed significantly if the cell was put in the oven for a long time. It is well-known that negative ions adsorb on metal electrodes. 20 On the other hand, it is also known that tetra-alkyl ammonium cation adsorb on the metal electrode. 47 Accordingly, the change in the frequencydependent curve of the complex dielectric constant should be caused by the specific adsorption of TBAþ and TPBÀ ions on the electrodes. In order to investigate the influence of the specific adsorption of the ions on the space-charge polarization quantitatively, the frequency dependence of the complex dielectric constant is measured changing the cell storage time in the oven.
TBATPB from Aldrich (purity higher than 99%) and chlorobenzene (C 6 H 5 Cl) from Merck (purity higher than 99%) were employed as a solute and a solvent, respectively. A dilute solution was prepared with the TBATPB concentration of 100 ppb. This concentration corresponds to 1.78 Â 10 À7 mol/l. The dilute solution was injected into a parallel-plate glass cell with indium-tin-oxide (ITO) electrodes, the area and distance between electrodes of which were 1.13 cm 2 and 22.5 lm, respectively. The cell was put into the oven of 20 C. The impedance of the cell was measured with storage times of 10 min, 70 min, 400 min, and 1380 min. The apparatus of the impedance measurement was a Solartron 1260 frequency response analyzer (FRA) connected to a 1296 current amplifier. The measurement was started at 10 kHz and ended at 0.001 Hz. For the impedance measurement it took about 90 s in 10 kHz-0.1 Hz range, about 4 min in 10 kHz-0.01 Hz range, and about 50 min in 10 kHz-0.001 Hz range. The ac voltage applied to the cell was 5 mV (RMS). The frequency dependence of the dielectric constant and dielectric loss factor were calculated from the impedance data observed. We measured the complex dielectric constant of the 10 min. storage samples by changing the applied ac voltage and found that no significant change in the frequency-dependent curves of the dielectric constant and dielectric loss factor was observed in the range below 0.1 V as predicted by the simulated result in Fig. 2 .
The observed values of the e r 0 and e r 00 are shown in Figs. 5 and 6, respectively. The frequency dependent curves of the e r 0 and e r 00 for 10 min storage sample exhibit two dielectric relaxations in the range between 0.001 Hz and 0.1 Hz and in the range between 1 Hz and 100 Hz, and the dielectric relaxation at higher frequency range is attributed to the space-charge polarization. 32, 33 It is found in Figs. 5 and 6 that the relaxation curve of the space-charge polarization shifts to lower frequency side with increasing the storage time. This phenomenon suggests in comparison with the simulation results in Figs. 3 and 4 that the diffuse double layers are formed in the cell and their influence on the spacecharge polarization becomes more significant with the storage time. In the case of TBATPB, both TBAþ and TPBÀ ions have possibilities to adsorb on the electrodes. The generation of the potential U 0 is presumed to be due to the excess charges on the electrodes caused by the different adsorption rate between TBAþ and TPBÀ ions.
B. Analysis of the space-charge polarization in the presence of excess charges on electrodes Let us consider a condition that positive and negative ions exist in a cell with the same concentration in the beginning and negative ions adsorb on the electrodes with higher rate than positive ions. In this case, the electrode potential decreases with increasing the excess quantity of negative ions on the electrodes and the concentration of negative ions in the bulk solution decreases compared to that of positive ions with time passage. Equation (2) is valid for the case that the bulk concentration of the negative ions is equal to that of the positive ions; therefore, the potential distribution has to be determined by solving a following equation in the present case dU dx
Assuming that the electrode potential (x ¼ 0 and d) with respect to the bulk solution is U 0 , the potential distribution in the diffuse double layer was calculated numerically using Eq. (41) by means of the Runge-Kutta method. In accordance with the potential distribution determined, the electric field was calculated by using E d (x,0) ¼ DU/Dx, and the number densities of positive and negative ions were calculated using Eqs. (8) and (9) . After setting the initial condition of the diffuse double layers, the calculation of the complex dielectric constant due to the space-charge polarization was carried out with the same procedure as given in Secs. II B and III B. Assuming that the excess quantity of negative ion per unit area on the electrode is DQ n , it is expressed as
by Gauss's low. The DQ n is calculated using Eqs. (41) and (42) . As discussed in Secs. III B and IV A, the absolute value of U 0 generated in 10 min in the present cell is estimated to be much smaller than 0.05 V and no significant influence of the diffuse double layers is given to the frequency dependence of the complex dielectric constant due to the spacecharge polarization. Hence, we assume that U 0 ¼ 0 for the 10 min storage sample, and analyze the experimental results obtained in Figs. 5 and 6 by fitting the calculated values to the observed values. In the calculation process the influence of impurity ions, which were contained in chlorobenzene from the beginning, to the space-charge polarization is neglected due to their small contributions to the complex dielectric constant. 32 First the curve fitting analysis was carried out for the 10 min storage sample and the ionic constants for TBAþ and TPBÀ were determined to be
À8 cm/Vs, and p 0 ¼ n 0 ¼ 3.2 Â 10 19 m
À3
. After this treatment, the curve fitting analysis was carried out for the other samples assuming that the adsorption rate of TPBÀ was higher than that of TBAþ and the excess quantity of TPBÀ on the electrodes increased with the storage time. It was also introduced to the analysis as a condition that the excess quantity of TPB-ions on the electrodes corresponds to the shortage quantity of TPBÀ ions in the bulk solution. The values of the diffusion coefficient and mobility obtained for the 10 min storage sample were kept for the analysis of the other samples. Hence, the parameters for the curve fitting analysis were the number densities p 0 and n 0 and the potential U 0 .
The results of the curve fitting analysis for the 10 and 1380 min storage samples are given in Fig. 7 . Good fittings between observed and calculated values are achieved for the frequency-dependent curves of the complex dielectric constant for both 10 and 1380 min storage samples. It has been confirmed that good fittings between observed and calculated values are also observed for 70 and 400 min storage samples. The number densities of TBAþ and TPBÀ ions in the bulk solution and the potential U 0 obtained by the analysis are summarized in Table II . It is found from the results in Fig. 7 and Table II , that the change in the frequency-dependent curve of the complex dielectric constant due to the space-charge polarization is well interpreted by the specific adsorption of TBAþ and TPBÀ ions on the electrodes which have different adsorption rates and a subsequent increase (or decrease) in the electrode potential. The space-charge polarization of a dilute electrolytic cell with blocking electrodes is measured by applying an external field; therefore, the contribution of the space-charge polarization has to be included in the dielectric constant in PNP equation in data analysis. If diffuse double layers are formed at interfaces between the electrodes and electrolyte by a contact potential difference and/or excess ions adsorbed on the electrodes, the potential distribution in the diffuse double layer is determined by solving the PB equation in which the dielectric constant does not include the contribution of the space-charge polarization.
The space-charge polarization of the dilute electrolytic cell in the presence of the diffuse double layers can be analyzed by superposing the field of the space-charge polarization on the field of the diffuse double layer. It was found by an experiment that the relaxation frequency of the complex dielectric constant due to the space-charge polarization for the dilute solution doped with TBATPB at the concentration of 100 ppb shifted to lower frequency side with the cell storage time after injecting the solution. The observed behavior of the space-charge polarization for the dilute electrolytic cell can be well interpreted as a result of the specific adsorption of TBAþ and TPBÀ ions on the electrodes with different rates by using the present model incorporating the static diffuse double layers.
